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Optical Measurement of a Compressible Shear Layer Using 
a Laser-Induced Air Breakdown Beacon 

R. Mark Rennie' , Garnett Cross.1 
Center for Flow Physics and Comrol 

Unil'ersity of NOire Dame. Notre Dame. IN. 46556 

David Goorskei, Matthew R. Whiteley4 

MZA Associates Corporation, Dayton. OH. 45459 

David Cavalieri s, and Eric J. Jumper6 
Cenler for Flow Physics and Comrol 

University of NOire Dame. Noire Dame. IN. 46556 

The aero-optic aberrations due to a compressible shear-layer flow with high- and low­
speed Mach numbers of 0.75 and 0.12 were measured using the return Ught from an 
artificial guide star. The guide star was created by focusing a pulsed, frequency-tripled 
Nd:YAG laser emitting in the ultraviolet to create a laser-induced air breakdown spark. The 
experiments showed that accurate wavefront data could be obtained, including accurate 
measurements of the wavefront tip/tilt, when the shear layer was forced and the 
measurements were phase-locked to the forcing signal. Issues involved in integrating the 
beacon system into a feedforward adaptive-optic correction approach are discussed. 

Nomenclature 

D turret diameter 
D.~p diameter of outgoing beam aperture 
Dc aperture of spark-collimating lens 
DL beam diameter at focusing lens 
Ie focal length of spark-collimating lens 
Ji. focal length of laser-focusing lens 
M Mach number 
OPD optical path difference 
r shear layer velocity ratio, U/U] 
SI Strehl ratio 
s shear layer density ratio, P1lp] 
U streamwise velocity 
x streamwise coordinate 
0., shear-layer vorticity thickness 
£ spark "jitter" amplitude 
Ii shear-layer structure wavelength 
A. wavelength 
p density 
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A RTIFIC IAL .gl~!dc stars. arc under inv.estigation as. li l;ht sources f~r the ~"easurement of nearfield fl~w-.induc~d. 
or ··aero-optlc. aberrallons around aircraft ti.lvcllllg at compressible fll ghl speeds [1 , 2]. These anlficlal gUIde 

stars offer advanlages over olher Opti011S. slIeh as lIa!Ural lighl sources or glint from Ihc I.uget. due to the greater 
control over the location and tillling with which they arc generaled. ~\!I ea surement of aero-opt ic aberrat ions is an 
imponam component of possible adaptive-optic (AO) correc tion strategies [3]: even fo r feed forward AO 
approaches. in which the aero-oplic aberrations arc made more pred ictable using flow-control techniques, optical 
measurements arc still necessary in order to synchroni ze the phase of the AD system with the phase of the flow­
controlled aero-optic aberrations [4. 5]. 

One method of generating an anificial guide star is by focusing a high-energy pulsed laser at a point outside the 
aircmft. thereby cre:uing an air-breakdown spark with brightness suffic ient for optical measurements. In I I], an 
experimental investigation is described in which the aero-optic aberrations due to a compressible shear layer were 
measured using an artificia l guide star that was simulated usinl; the diverging light frortl an optica l fiber. These 
results showed that ani soplanat isllI eITects that ori ginated from th e fact that the gu ide star was a point source and 
i[luminated only a small ponion of the fl ow could be compensated 16] to produce an accurate estimation of the 
aberrntions that would exist on a larger-aperture, p!;umr-wavefront beam of light. In [2], experimental data arc 
presented showing the optical ([uality of the return light from a laser-induced breakdown spark; th ese data showed 
that apparent j ilter of the spark location results in "noise" on the wavefronts of the light from the spark, but that this 
wavefront noise would not afTect the measurement of typical aero-optic flows if the optical system were carefully 
designcd. This paper presents c:.:pcrimentally-measured wave front s of a compressible shear-l ayer acqui red using the 
retum light from a laser-induced breakdown spark. For these e:"perilllcllts, the shear layer was forced and 
regularized. and the optical measurements were phase-lock-averaged to the forcing signal as a method of 
compen sating for noise gener,lIcd by the apparent spark jitter. Finally. issues associated with incorporating the spark 
illlo a feed forward AO correction approach for the shear-layer aberrations arc di scussed. 

I L Expc r ime ntal Approaeh 

The problem under investigation is depicted in Fig. I. The figure shows the now past a hemispherical opt ica l 
turret with a cylindrical basc. A shear l:Jyer originates from the turret surface that is associated with the separatcd ­
fl ow region at the rear of the turret; at compress ible 
flow speeds this shear layer becomes optically active 
such that the beam from th e optical turret is severely 
aberrated when directed at targets in the af\ field of 
regard. As the fi rst step towards an AO correction. the 
aberrations due to the shear layer arc measured using 
the return light from a laser-ind uced breakdown 
beacon. The beacon could be projected to any localion 
in the vicinity of the turret that is suitable for 
illuminating the shear layer, induding a point within 
the outgoing beam itself. Simi larly, the aperture used 
to collect the return light from the beacon could be, for 
c:.:ample. a side aperture mOllnted to the optical turret, 
or it could be the sallie apcrture as used by the main 
beam. 

The objective of the e:.:perirnellls was to evaluate 

Flow -

La .. r-lnduetd 
Breakdown Spark 

Aperture 

T, 
Targel 

the accuracy with which the aberrations of a realistic Fig. I Co nceptua l deploymc nt or a laser-s park henco n 
optically-aclive shear-layer flow could be measurcd system. , 
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using a laser breakdown beacon as dcpicted in Fig. I. 
The tests were conducted in the University of Notre 
Dame's Compressible Shear-Layer Wind Tunnel 
(CSL WT). which mixes high- and low-speed flows 
with the same totaltemperalUre to produce the kind of 
full- scale compressible she3r layer that would occu r in 
the separated-flow region behind an optical mount 
such as a hcmi spherical turret [7, 8[. The shear·layer 
can also be regu13rized by applying mechanical 
forcing at the trailing-edge of the splincr platc tbm 
separates the high- and low-speed streams at the inlet 
to the CS L WT test section [4. 9[. Regularization of the 
shear layer in this way is used fo r investigation of 
feed forward AO approaches, or for synchronization of 
measurement s with specifi c phases of the shear·layer 
aberration . The high- and low-speed Mach numbers 
used in the tests were nominally M;;0.75 and 
'\/,=0.12. 

A schematic of the e.,\perimental setup is shown in 
Fig. 2.The reference beam was generated using a 
pul sed VAG laser em illing at 5 14 nm that had pulse 
durations that were sufficiently short to ··freeze·· the 
fl ow. The spark was formed by focll sing a UV lase r 
beam with ). : 355 nm. after whic h the retum light 
from the resuiting breakdown spark was passed 
through the shear layer and collected using a 
collimating lells. As shown in [2). spark-to-spark 
1Il0tion of the effective location of the beacon 

Fig. 2 Optic:J1 setup for wavefront measurem ents in 
Notre Dame Compressih le Shear-Layer \\'ind Tunnel. 
The fi gure shows schemat icu lly the return light p:llh 
from the heacon; 1\ lirror 1 WIIS aCluully a lign ed to 
di,rect the beaconlighl "out of the page." produces distortions in the spark wave fronts: these 

wavefront distortions act as ··noise·· on the spark wave fronts. th3t limit the ability of the beacon system to detect 
aero-optic aberrations that ha\'e an amplitude below the noi5e level. Figure 3 shows how the baseline noise of the 
beacon system depends on Ihe optical system design: the red line in the figure shows the level at wh ich the beacon 
wavefront noise would obscure acro-optic aberrations that wou ld lower the Strehl ratio. Eq. (I ). of a nominal A.=1 ~lm 
beam to 90% of its diffraction·limited perfonnance: 

(I) 

Based on the data in Fig . 3, the lens used to focus 
the UV laser to ge nerate the beacon had a foca l 
length Ji.=300 nun apertured to D[,,=20 111m. g iving a 
ratio Ji.IDC= J5 . The lens used to colli mate the spark 
light had a foca l length of i r= 1200 111m. and an 
aperture of Dc=-70 nun giving fclDc = 17: :IS shown 
by Fig. 3. these f-numbers,/J DL= 15 and fclDc=- 17. 
give acceptably-low levcls of baseline noise on the 
spark wavcfronls. With this optical system. the 
diameter of the diverging spark beam at the shear 
layer was approximately 50 mm. giv ing around 50% 
anisoplanatism with the 100 mm diameter reference 
beam. in addition to other anisoplanatism effect s 
originat ing from the spherica l curvature of the spark 
wavefronts and the approximately 25° misalignment 
of the spark and reference beams. A photograph of 
the optic:ll setup in the CSL WT is shown in Fig. 4. 
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Fig. 3 Dependence of baselinc sp:lrk wa\'dro nt noise on 
opl ical system param eters for / 11/)1.= 15 121. Va lues below 
the dashed linc co rrespond to 51>0.9 for A = 1 JlIlI 
Tllliintion. 
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Beacon locullng 
CollhNtlng Lens Ion.H UV ,spilfk lloH ' 

Fig. -I Photogr:lph uf optical set up a mi wind-tunnel test 
section. 

As shown in Fig. 2, Ihe UV 13ser beam 
was focused through the shear layer to creale 
the air-breakdown beacon. Thi s e.-.:perimental 
arrangement simulates 3 possible operational 
deployment in which the beacon laser miglu 
be projected from the same aperture as the 
main beam. o r from a nearby side· mounted 
3perture. so that il wou ld project th rough the 
same shear layer as the main beam prior to 
spark formation. 

A. Tiprrilt-Remo\'ed Wll vefronl s 

After passing through the shear layer. the 
return light from the beacon and th e 
collimated reference beams were aligned 
side·by·side and projected into a si ngle 
wavefront sensor that captured the wavcfroms 
of both beams si mu ltaneously. For these 
measurements. the shear layer was forced 
[-1.9] and the wavefront measurements were 
phase-locked to the shear- layer forcing with 
measurements made at 12 different phases 

(0°, 30°, . . 330") with respect to the period of the forcing signal. TIll! phase· lock.averagcd wavefronts from the 
reference and spark beams at each phase. with tip/tilt removed. arc shown in Fig. 5: the figure clearly shows the 
progression of a sinusoidal-l ike aberration through the measurement apert ure as the phase of the measurement 
changes. Figure 5 shows th3t Ihe 3berrations measured by the spark closely nUHch those of the reference beam: a 

PII ... . O PII". ":Jl Phil." 60 Ph .... 9J 
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~ 0Lf] 0IT] oLE oLE 
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Fig. 5 Phase-Iock-a\'eraged w:! \,efron lS wilh tiJi/tilt re moved Ilequired through fo rced shea r luyer. 
Reference bea m is show n on top, spark b('il llI shown on bolt olll of image for ('lIc h piU1S(, . 

, 
Arm:rican Institute of Aeronaut ics and Astronautics 



stati st ical cross-correlation of the beacon 
and reference-beam wave front s resulted in 
correlation coefficients in the rang.: of 0.5 
to 0.9. 

O. i\ leasurelllelll of Strea mwi sc Till 

. 0 I +-...::----...... -; <5ln __ _ _ _ __ .... _ _ ~--~ 

(, 

Figure 5 shows the phase-lock averaged Tilt = a lan (c sin 0 I fel 
aberra tions with tip/tilt removed. I\ s will 
be discussed bter_ it is helpfu l to retain the Fig. 6 T ill cause by spark jitter. 9 = angle between opt ic:!1 axis of 
slrearnwise till infomlat ion if the beacon is lens and OpliC:ll llXis of UV laser bell m. 
to be used for feed forward adaptive-optic 
corrections in the CSLWT: thi s tilt infonnation is corrupted. however. by th.: same jiuer in the effecti ve location of 
th e spark that produces the baseline aberrations shown in Fig. 3. The mechanism of the tip/tilt error is shown in 
Fig. 6. where t: is the amplitude of the efTective spark 1110tion. Figure 6 shows that the tip/tilt error is directly related 
to the efTecti ve lateral di splacement of the origin of the light from the spark away from the optical ax is of the 
collimating lens. Experimentally- measured streamwise ··tilts·· for a typical run using the setup shown in Fig. 2 are 
shown in Fig. 7. and confirm the model of Fig. 6. 

Despite the large tip/tilt '"no ise" imposed on any single wave front measuremelll by the spark j iller. Fig. 7 shows 
that this tiplti It noise is random. so that accurate measurements of the tip/tilt of the forced shear- layer aberrations can 
still be obtained by phase-lock aver-Iging. Figure 8 shows the same data from Fig. 5. this time with tiplt ilt retained, 
and shows that the phase-lock-averaged wavefronts measured by the spark still closely match the waverronts 
measured by the reference beam even with tip/tilt retained. One anomaly with the data in Fig. 8 is that there is a 

o 

., 
frame. 

Fig. 7 Typic:l l variation of slre!ullwise tilt of sp ark 
wan' fro nt due 10 apparent spa rk jitter. T ilt is shown in 
III nit!. 

noticeabl e difTerence in the tilt of the wavefronts 
at 0" and 330" phase. 50 that it does nO! appear that 
the wavefront of the aberration wou ld transi tion 
sl1\oothly from the wavefront a1330" back into the 
wavefront at 0° phase: th is discrepancy was likely 
caused by a small movement of the optical system 
over the 30 min ute duration of the measurements. 
which added an additional lilt ofTset between the 
0" and 330" phase measurements. Despite this 
di screpancy. the good agreement between the 
spark and reference wavefrollls in Fig. 8 indicates 
that ti p/tilt noise from the spark jitter can be 
'"averaged out"" by the phase-lock averaging 
process. so that the spark can still be used to 
accurately measure tiplt ilt of the shear-layer 
aberration. It shou ld be noted that the need for 
phase-lock averag ing docs not present an obstacle 
to an AO correction using a feed forward approach 
due to the long-tenn coherence and repeatability 
of the forced shear-layer aberrntions. 

Ill. Fcedro rward Adaptiw-Optic Corrcction 

One of the main motivations for deVeloping an optical beacon system is to facil itate adaptive-optic correction of 
aero-opt ic fl ows. Particular emphasis is placed on the correct ion of compress ible shear layer fl ows since this flow 
dominates, for example, the separated-flow region at the rear of optical turrets. I\s shown in [4. 51. one of the more 
promising correct ion methods is the feed forward AO approac h. in which the shear layer is first regularized by 
cont rol led forci ng applied at the point of ori gin of the shear layer. With the shear layer regularized. the defonnablc 
mirror (OM) is then pre-programmed with a shape that is the conjugate of the regularized shear-layer aberrntions. 
after which the phase of the OM motion must be matched to the phase of the shear layer. Reference [4J describes a 
feed forward AD correction of this type in which the phase matching of the Dlyl with the shear-layer aberrations was 
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Fig. 8 Wu\'efro nts from Fig. 5 with tip/li,lt retain ed, showi ng that tip/tilt noise due to sJlark jitter can be 
compensated by phase-lock An'raging of the opt ira I dat a. 

performed by a human operator who observed the corrected beam reflected from the DM. In real ity. however. it 
would not be poss ible to observe the outgoing. corrected laser beam in this way; rather. for a reali stic system. the 
phase and amp1iwde of the regularized shear layer would need to be measured using. for example. the return light 
from an artificia l guide star such as described in this paper. 

The advantage of the fe edforward AO approach is that it is not necessary for lhe AO system to react to random. 
high-frequency aberrations associated with the un-regularized shear layer that arc beyond the bandwidth capabilities 
of conventional feedback-type AO systems. Instead. for the feedforward approach. it is only necessary to initially 
adj ust the phase and amp1iwde of the DI\;I to match the regu la ri zed aberration and to period ically update these 
parameters to correct fo r any long-te rnl fl ow flu ctuations. As shown in [.fl. the update rate requi red to ach ieve a high 
quality correction is sumcicntly slow tl1<1t it can be adequatc ly performed by a human opl!rator. This s low update 
rate greatly a lleviates the frequency requirements for both the '\0 and beacon systems. 

A. Operational Syslern 

D» ·0I3 

Beacon 

To 
Target 

Shear 
l ayer 

r\ schematic showing a possible layout for a 
realistic operational dep loyment of a laser-spark 
beacon system is shown in Fig. 9. The fi gure 
shows a hemispherical lurrct with cylindrical basc 
with an optical apenurc that is 113 the diam eter o f 
the turret (D.l p = D/3). As disc usscd abovc, good­
quality wavefront measurcments can be obtained 
us ing the return light from the laser spark if frl Dt 
and f(.fDc Doth have the value or approximately 
15 [21. If the aperture o f the spark ;l!1d co llecting 
lenses. Dt and Dc respectively. arc approxi mately 
the same size as the tUITet apen ure. then th is 
means that f( ""Ie"" 15D,II>=5D. so that the beacon 
could be placed up to 5 turret diameters away 
from the turret. Th is s ituation is illustrated in 

Fig.9 Possible helicon geometry for :1 IIl'ployed s ~'s t e lll . 
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Fig. 9, which shows that the diameter of the return light cone from the bcncon is almost the same dinmeter as the 
outgoing beam nt the location of the shear layer. 

If the shenr layer is assumed to originate from the top of the turret. then for n norninnllookbnck nngle of45° past 
the venical direction. the Olllgoing beam tmve rses the shear layer at a location x ::: 0 !2 dowllstrenm of the shear­
lnyer origin. As shown in [101. the vorticity thickness 0" of the shear layer grows with distance x approximately as: 

_ (1 - r)(I + SOl ) 

O,/T - 0.085 I + r:/ I (2) 

Setting the veloci t}' mtio r ::: 0. 167 for a typical shenr- Iayer Oow. and using M:=0.8 as the cruise speed of a combat 
or tmnsport nircmft, Eq. (2) gives o,jx ::::: 0.125. Furt hermore, the shear-byer vort icity thickness 0"., is npprox inmtely 
one-half of the structure wavelength II. so tlmt II /x ::: 0.2 5. Finally. using x ::: 0 /2 ::: 1.5 D.lp fro m Fig. 9. the shear­
layer structure wnvelength is approx imately: 

(3) 

E(ltHllion ( 3) therefore shows that the outgoing benm for a typical optical turret spans on the order of 3 wavelengths 
of the dominant shear-layer distu rbance. Note thaI. even if the shear layer were forced. the wavelength of the shear­
layer diS!IJrbnnees wou ld still be roughly equnl to the values delenll ined above lIsing Eqs. (2) and (3). Since the 
retum light frol11 the beacon is nearly the same diameter at the shear layer as the outgoing beam (Fig. 9). then the 
beacon system would also capture approximate ly] wave lengths of the shear-l ayer aberration. With] wavelength s 
of the shear- layer abermtion captured by the beacon. the phase of the shear-l ayer aberrations could be detennined 
fram the beacon wavefronts without the need to retain the tip/tilt information on the beacon wavefronts. As such. 
any tip/tilt noise on the beacon wavefroills due to the apparent ji ller of the spark. as shown in Fig. 7. would have no 
elTect on the perfonlHmcc of the beacon system since tip/tilt inforlllnti on would not be required in order fo r the 
bencon system to fu lfill its function of detenn ining the phase and amplitude of the shear-layer aberration. [ n 

particular. phase-lock averaging of the beacon wavefronts. as described above. would not be necessary to "average 
out" the tip/tilt noise: rather. the tip/lilt of the beacon wa"efrants would simply be removed and the phase of the 
shear layer could be detenllincd immediately from a single measurement. 

Regu lariz.1tion of the shear layer also alleviates requirements on the des ign of the beacon optical systelll. In 
particular. with the shear 1:lyer regu larized. the optical aberrations of the shear layer lake the forlll of a repeatable 
wavefonn with frequency content primarily at the fundamental and $ubharmonic of the applied forc ing frequency 
[4]: it is the conjugate of th is waVef0n11 that is applied to the OM. As discussed above. when used in a feed forward 
AD appl ication. the principal function of the beacon system is to measure the phase and 3111plitude of this dominant 
shear-l ayer aberration, which typically has an amplitude on the order of 0.6 )1111 or more [4]. Although furt her 
investigation is required. it is li ke ly that acceptably accurate phase and amp litude measurements of the regu larized 
shear-layer wavefOnll could still be made if the beacon system had significantly higher noise levels than the 
OPD,...,. = 0.05 limit shown in Fig. 3. 

B. \Vind-Tunnel Experiments 

Feedforward AD correction tests will be 
performed in the ncar future in the CSL WT at the 
University of Notre Dame. The general optical setup 
for the tests will be very sim ilar to that shown in 
Fig. 2. The shear layer will be forced using a signa l 
with two frequency compone nts consisting of a 
fundamental frequency of 750 Hz pi llS the firs t 
subhannonic: as shown in [ol].th is forcing produces 
the optinlllm regu larization of the shear layer. wit h 
an aberration wavelength ;I on the order of 0.2 111. 

Due to pmctical limits on the sizes of the optical 
components. and due to the limiti ng constraints of 
the wind-tunnel wa lls. it will not likely be possible 
to capture a full wavelength of the shear-layer 

Regularized 
shear layer: 

Regularized shear 
laycr aberrat ion: 

Abermt ion measured 
by spark beam: 

* Beacon 

i 

, 

f\J\lJtv , , , , 

lJ1 
Fig. 10 Sketc h showing errect or nperllJre 
mensurement or rcgul:lrizct! shear-layer llherrntion. 
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aberration with the return light from the beacon. Instead. the beacon system will measure only a fraction of the 
wavelength A. so that the resulting measured wavefront will likely appear primarily as a stream wise tilt, similar to 
the wavefronts shown in Fig. 8. The mechanism by which the spark wave fronts appear primarily as a streamwise tilt 
is illustrated in Fig. 10; the effect that viewing aperture has on optical measurements is discussed in greater detail in 
[II ]. 

Since the beacon wave fronts will appear primarily as a streamwise tilt. phase-lock averaging of the beacon 
measurements will be required to remove the effect of the spark tip/tilt noise; in this regard. the wind-tunnel 
feedforward AO approach is more difficlllt than for the operational system discussed above. Furthermore. since only 
a fraction of the shear-layer aberration will be captured by the beacon system. it will be difficult to determine the 
amplitude of the shear-layer aberration from the beacon measurements. This difficulty will be overcome by 
adjusting the phase of the beacon measurements with respect to the shear-layer forcing signal until the beacon 
wavefronts have the ma.ximum slope; this slope will then be measured and used to compute the amplitude of the 
regularized shear-layer aberrations. In particular. the aberrations of the regularized shear layer are nearly sinusoidal 
in shape: 

OPD:'::Asin~ 
A 

The amplitude A of the aberration described by Eq. (4) is related to the maximum slope as follows: 

A= A dOPDI 
2tr d-r MAX 

(4) 

(5) 

As pointed out above. the regularized shear-layer aberration is not a simple sinusoid. but can be accurately modeled 
by a combination of sinusoidal signals at the fundamental and first subharmonic of the forcing frequency; the exact 
relation for estimating the amplitude of the shear-layer aberration from the maximum slope will be determined prior 
to the feed forward AO tests. Once the phase and amplitude of the shear layer has been determined from the beacon 
wavefront measurements. the feedforward AO correction will be completed by adjusting the the OM to match this 
phase and amplitude. The success of the correction will be evaluated by measuring the residual aberration on a 
collimated scoring beam that passes through the shear layer and is reflected from the OM. 

IV. Discussion 

The results and discussion presented in this paper show that several benefits are realized by regularization of the 
shear layer as part of a feedforward AO approach prior to measurement using a laser-spark guide-star system. For 
example. as shown by Fig. 8. regularization of the shear layer allows removal of tip/tilt noise caused by spark jitter. 
by phase-lock averaging the beacon wavefronts using the shear-layer forcing signal; this kind of compensation for 
tip/tilt noise is essential for a system in which the beacon aperture is small compared to the aberration wavelength. 
but would likely not be necessary for a full-scale system. On the other hand. a full-scale system would still benefit 
from the fact that regularization of the shear layer shifts the frequency content of the shear-layer aberrations to a few 
discrete frequencies with large amplitude. Since the function of the beacon system in this case would be to simply 
measure the phase and amplitude of this large-amplitude regularized aberration, it is feasible that noise limits for the 
beacon system could be significantly relaxed. greatly simplifying the design of the system. Furthermore. as long as 
the beacon system can fulfill this function of accurately determining the phase and amplitude of the regularized 
aberrations. it would also likely not be necessary to compensate the beacon measurements for any anisoplanatic 
differences [I. 6] between the beacon and main beams. The performance requirements for a beacon system. when 
used in conjunction with a feedforward AO approach. will be reviewed in more detail in future investigations. 
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